ABSTRACT: Studies of infectious salmon anaemia virus (ISAV), an important pathogen of farmed salmon in Norway, Scotland, the Faeroe Islands, Ireland, Canada, the USA and Chile, suggest that natural reservoirs for this virus can be found on both sides of the North Atlantic. Based on existing information about ISAV it is believed to be maintained in wild populations of trout and salmon in Europe. It has further been suggested that ISAV is transmitted between wild hosts, mainly during their freshwater spawning phase in rivers, and that wild salmonids, mainly trout, are possible carriers of benign wild-type variants of ISAV. Change in virulence is probably a result of deletions of amino acid segments from the highly polymorphic region (HPR) of benign wild-type isolates after transmission to farmed salmon. Hence, it has been suggested that the frequency of new outbreaks of ISA in farmed salmon could partly reflect natural variation in the prevalence of ISAV in wild populations of salmonids. The aims of the present study were to screen for ISAV in wild salmonids during spawning in rivers and to determine the pathogenicity of resultant isolates from wild fish. Tissues from wild salmonids were screened by RT-PCR and real-time PCR. The prevalence of ISAV in wild trout Salmo trutta varied from 62 to 100% between tested rivers in 2001. The prevalence dropped in 2002, ranging from 13 to 36% in the same rivers and to only 6% in 2003. All ISAV were nonpathogenic when injected into disease-free Atlantic salmon, but were capable of propagation, as indicated by subsequent viral recovery. However, non-pathogenic ISAV has also been found in farmed salmon, where a prevalence as high as 60% has been registered, but with no mortalities occurring. Based on the results of the present and other studies, it must be concluded that vital information about the importance of wild and man-made reservoirs for the emergence of ISA in salmon farming is still lacking. This information can only be gained by further screening of possible reservoirs, combined with the development of a molecular tool for typing virulence and the geographical origin of the virus isolates.
INTRODUCTION
Infectious salmon anaemia virus (ISAV) is the etiological agent of a disease that has occurred in most salmon Salmo salar-producing countries worldwide (Thorud & Djupvik 1988 , Mullins et al. 1998 , Rodger et al. 1998 , Rowley et al. 1999 , Bouchard et al. 2001 , Kibenge et al. 2001 , Ritchie et al. 2001 . The official history of ISA dates back to 1984 in Norway, but the virus must be much older, being a distant relative of other viruses in the family Orthomyxoviridae . Based on the mutation rate of the RNAdependent RNA polymerase (ISAV Segment 2) and hemagglutinin genes (Segment 6), North American and European isolates are thought to have separated >100 yr ago , Krossøy 2002 , Nylund et al. 2003 . The demonstrated existence of ISAV on both the European and North American continents prior to the advent of intensive salmon aquaculture, suggests the long-term maintenance of ISAV in a wild reservoir. ISAV and raised levels of ISAV-specific antibodies have been found in wild salmonids with no clear relationship to aquaculture activity (Raynard et al. 2001a, K. Falk pers. comm.) . Furthermore, studies based on sequencing of a so-called highly polymorphic region (HPR) of the haemagglutinin gene have suggested that all pathogenic ISAV isolates may be derived by differential deletions or by recombination of a potential ancestral sequence obtained from wild fish (Devold et al. 2001 , Cunningham et al. 2002 , Mjaaland et al. 2002 , Nylund et al. 2003 . Coupled to the fact that a range of salmonids have been experimentally shown to propagate ISA (Nylund et al. 1994a , 1995a ,c, 1997 , Nylund & Jakobsen 1995 , Rolland & Nylund 1998a , Devold et al. 2000 , Snow et al. 2001a ,b, Rolland & Winton 2003 , this evidence suggests that wild salmonids may constitute natural host species within which an avirulent ISAV subtype may have co-evolved.
The most frequent interactions between individual wild salmonids and, hence, opportunities for ISAV transmission between hosts occur during spawning in rivers. The rivers are also the rearing areas for susceptible fry, parr and smolts, i.e. individuals that can be expected to lack the acquired immunity towards viral diseases. Based on these facts it is expected that a virus, which has co-evolved with salmon/trout, should be adapted to transmission in the freshwater phase, i.e. in the rivers and preferably during spawning when the chances of interactions between individuals are highest. It has been documented that the production of ISAV in trout increases during stress and sexual maturation (Nylund et al.1994a , 1995a , Rolland & Nylund 1998a , Devold et al. 2000 . It has also been thoroughly documented that the ISAV can be transmitted in both freshand seawater, and it has been shown that the virus can be present in the mucus, urine, faeces and ovarian fluids of infected individuals (Thorud & Djupvik 1988 , Thorud 1991 , Nylund et al. 1993 , 1994a ,b, 1995a ,b, 1997 , Hovland et al. 1994 , Nylund & Jakobsen 1995 , Totland et al. 1996 , Rolland & Nylund 1998a ,b, Jones et al. 1999 , Melville & Griffiths 1999 , Devold et al. 2000 , Jones & Groman 2001 , Snow et al. 2001a .
Wild trout and salmon from 5 different rivers were collected and screened for the presence of ISAV. Two different areas in western Norway with frequent outbreaks of ISA in farmed salmon were selected, and fish were collected during spawning in the rivers in late October of 2001, 2002 and 2003 . Pathogenicity characteristics of resultant ISAV were tested by intraperitoneal injection into disease-free salmon. (Fig. 1) . All 5 rivers are located in Sogn-og Fjordane county, in areas that traditionally have had a high density of salmon farms. Bortne River is located in the outer part of Nordfjord, while the other 4 rivers are located in the outer part of Sognefjord. Both areas have experienced frequent outbreaks of ISA since the early 1990s. Fish from these rivers were obtained by electrofishing from the river mouth and a maximum of 1 km up the rivers (Table 1 ). In the spring of 1998, 45 sea trout S. trutta were collected by trawl from the outer part of Nordfjord, i.e. the same fjord where the Bortne River is located.
MATERIALS AND METHODS

Sample
Tissue samples from gills, heart, liver, kidney, pseudobranch, gut, spleen and gonads were taken from the newly killed fish and immediately frozen in liquid nitrogen. On arrival at the laboratory, the tissues were transferred to -80°C. Virus isolation and detection. Culture of ISAV was attempted by inoculation of positive tissues on Atlantic salmon kidney (ASK) cells (Devold et al. 2000 ) using 3 passages. Positive cell cultures, i.e. cell cultures showing a cytopathic effect (CPE), and negative cell cultures were all tested for possible presence of ISAV by RT-PCR (primers: FA-3/RA-3) (Devold et al. 2000) .
ISAV-positive homogenates of tissues from salmon in each river (with the exception of the Takle River) were injected intraperitoneally into 30 disease-free salmon, to see if any mortality would occur and if the virus could be cultured in salmon. The tissue samples from wild and experimentally challenged fish were screened by RT-PCR using the diagnostic primers FA-3/RA-3 (Devold et al. 2000) and by real-time PCR. Extraction of RNA from the tissues, reverse transcription polymerase chain reaction (RT-PCR) and sequencing of PCR products were performed as described by Devold et al. (2000) . The results of the RT-PCR and real-time PCR assays on the wild fish were tested by contingency table analysis to see if prevalence was significantly different in the 3 following years.
The reaction mix for the real-time PCR was as follows: 1 µl of singlestranded cDNA from the reverse transcription, 12.5 µl TaqMan Universal Master Mix (2×), 900 nM of each primer and 200 nM of the MGB probe. The total volume was adjusted to 25 µl using RNAse-free water. The reaction cycle was 2 min at 50°C (UNG activation), 10 min at 95°C and 45 cycles of 95°C for 15 s, and 1 min at 60°C. Two different real-time assays were designed for detecting the ISAV genome: 1 assay for Segment 7 (the tentative nonstructural protein genes) and 1 assay for Segment 8 (the tentative matrix protein genes) ( Table 2 ). An 84 bp and a 63 bp region were amplified from Segments 7 and 8, respectively. The labelled fluorogenic probes are specific for the cDNA region between the forward and reverse primer sets. The probes contain a fluorescent reporter dye and a quencher dye; their physical proximity to each other suppresses any light emitted by the reporter. During PCR, the 5' → 3' nuclease activity of the DNA polymerase releases the reporter dye from the probe, which results in an increase in fluorescence. The reporter dye, 6-FAM, has an emission wavelength maximum of λ max = 518 nm and is measured by the ABI 7700 sequence detection system (Applied Biosystems).
The sensitivity of the real-time PCR assays was compared with the sensitivity of the diagnostic PCR using the primer set FA-3/RA-3 (Devold et al. 2000) . A dilution series of cDNA from ISAV was used as templates in the comparison of the different assays.
In 2003 Table 2 . Primer and probes in the assay mix were produced by Applied Biosystems (ABI). The probes are specific for the region between the primer sets and are targeted against Segments 7 and 8 from the ISAV (infectious salmon anaemia virus) genome
Sequencing and sequence analysis. PCR products were purified using Qia-quick PCR purification columns (Qiagen) and then sequenced using the Big Dye terminator Sequencing kit (Applied Biosystems). The templates were sequenced in both directions. Sequence data were assembled with the help of Vector NTI software (InforMax), and GenBank searches were performed using BLAST (2.0).
The Vector NTI Suite software package (InforMax) was used for the multiple alignments of partial nucleotides. To perform pairwise comparisons between the different sequences from the ISAV isolates, the multiple sequence alignment editor GeneDoc was used. Phylogenetic analyses of the data sets were performed using PAUP* Version 4.0 (Swofford 1998) and TREE-PUZZLE 5.0 (available at: www.tree-puzzle.de). TREE-PUZZLE reconstructs phylogenetic trees from molecular data by maximum likelihood, and computes maximum-likelihood distances and branch lengths. Phylogenetic trees were drawn using TreeView (Page 1996) .
RESULTS
Trout Salmo trutta were the dominating salmonid species in the rivers and fjords where the fish were collected and screened for the presence of ISAV. The sample material also included a few Atlantic salmon Salmo salar from 2 rivers (Bortne & Brekke) and 1 individual of rainbow trout Oncorhynchus mykiss collected in the Austgulen River. The majority of fish from the rivers were spawning or had just spawned, but a few parr and smolt were also included in the collected material. Except for the rainbow trout, none of the fish seemed to be escapees from fish farms. The weight of the fish was not measured, but their length, the number of fish caught, their sex and the number of immature fish are given in Table 1 . The mean length of the fish caught in 2003 was much smaller and more fish were immature compared to those caught during the previous years.
None of the fish showed any clinical signs of ISA. However, 1 spawning salmon from the Bortne River (2002) had skin ulcers, and 1 immature trout from the Brekke River (2003) had white granulomas and an enlarged kidney. In 2003 5 trout (4 immature, 1 spawning) had nodules/vesicles on their spleens, while 1 spawning trout from the Brekke River was infected with Anisakis simplex, and 1 spawning trout from the Bortne River was heavily infected with Eubothrium sp. All the fish were screened for the presence of ectoparasites. A few of the fish had salmon lice, Lepeophtheirus salmonis, Trichodina spp. and Riboscyphidia sp., but the intensity was low, and no lesions due to parasites were observed.
Virus detection
It was not possible to culture any ISAV in ASK cells from any of the fish included in this study. However, it was possible to detect ISAV in salmon, challenged with tissue homogenates from ISAV-positive fish, 4 wk after challenge, but no mortality was observed. Sequencing of the PCR products and phylogenetic analysis of the sequences, confirmed them to be ISAV genomes of European origin.
The kidneys from all the collected fish were screened for the presence of ISAV with the help of RT-PCR (primers: FA-3/RA-3), and fish collected in 2002 and 2003 were also screened by real-time PCR using primers and probes targeting Segment 8. Both the Segment-7 and -8 real-time PCR assays were used in the screening of the material from 2003. The real-time PCR assays were more analytically sensitive than the RT-PCR (FA3/RA3), and gave positive reactions with 1000 times less template than the RT-PCR (Fig. 2) . The results of the RT-PCR and real-time tests are presented in Table 3, and this table shows (Table 3) . Only 3 of the 45 sea trout collected in 1998 were positive for ISAV.
Unfortunately, only 3 fish were available for testing the tissue distribution of virus in ISAV-positive fish in 2003, 2 that were immature and 1 that was spawning. The results are presented in Table 4 and show that ISAV was only detected in 4 of the 8 tissues tested.
DISCUSSION
Molecular methods have become important tools in viral diagnostics and in the study of the diversity, maintenance and dissemination of viral diseases (Hungnes et al. 2000) . The latest revolution in viral diagnostics came with the development of real-time PCR due to its rapidity, sensitivity (i.e. low detection limit), reproducibility and the reduced risk of carry-over contamination (Mackay et al. 2002) . In addition, it provides the possibility for relative and absolute quantification. The high sensitivity of real-time PCR makes it a good method for detection of carriers of viral agents like the ISAV, since it must be expected that orthomyxoviruses have to produce a low number of infective particles in order to persist in the host (Knipe & Howley 2001) . PCR has established itself during recent years as the gold standard for detecting nucleic acids from a number of origins, and RT-PCR has become an important tool in the diagnostics of ISA in both Europe and North America (Mjaaland et al. 1997, Devold et Mjaaland et al. (1997) and another assay developed by Devold et al. (2000) . Both assays target Segment 8, presumably the matrix protein genes from the ISAV (Biering et al. 2002) . The real-time PCR used in the present paper is able to detect template 1000 times more dilute than the RT-PCR assay (FA3/RA3) developed by Devold et al. (2000) . This difference in sensitivity is also reflected by the results presented in this study, in which the real-time PCR in each case gives a higher number of ISAV-positive individuals. The official history of the ISAV in salmon farming goes back to 1984 in western Norway (Thorud & Djupvik 1988) . However, based on the mutation rate of the RNA-dependent RNA polymerase gene, Krossøy et al. (2001) estimated that the European and North American isolates of ISAV must have separated at least 100 yr ago. More than 100 yr of separation between European and North American ISAV isolates was also supported by a study of the mutation rate of the haemagglutinin gene (Segment 6) of the ISAV (Nylund et al. 2003) . A dis- /p<). There was a significant decline of ISAV-positive trout in all 3 rivers using both assays for detection B tant relationship to the other members in the family Orthomyxoviridae, the influenza viruses , suggests a very old and probably a marine origin for the ISAV. This has led to a hunt for the marine reservoirs of ISAV, and many marine fish species have been challenged to see if they could be hosts for the ISAV (Thorud & Torgersen 1994 , Kvenseth 1998 , Snow et al. 2002 . So far, only limited replication has been found in herring Clupea harengus . On the other hand, the ISAV is able to replicate in most salmonid species, Salmo spp., Oncorhynchus spp. and Salvelinus alpinus (Nylund et al. 1994a , 1995a ,b, 1997 , Nylund & Jakobsen 1995 , Rolland & Nylund 1998a , Devold et al. 2000 , Snow et al. 2001a ,b, Rolland & Winton 2003 , causing mortality in Atlantic salmon only (Thorud & Djupvik 1988 , Mullins et al. 1998 , Rodger et al. 1998 , Bouchard et al. 2001 . Based on empirical and experimental evidence, everything points towards salmonids as the natural hosts of ISAV, and, in Norway, this means in most cases Atlantic salmon S. salar and trout S. trutta. All salmonids have a freshwater phase when they are young, and this early phase is, for most salmonid species, followed by a marine phase (growth phase). At the start of sexual maturation the salmonids at sea return to freshwater, usually rivers, to spawn. Hence, the highest population densities of hosts will be found in rivers during spawning, where, in addition to mature salmonids, there will be an abundance of younger, susceptible stages of the same species (cf. Nylund et al. 2003) . In a natural system, the most obvious place to look for the ISAV would, therefore, be in salmonid hosts during spawning. The present study, based on the material collected in 2001 and 2002, strongly supports such a view. Both RT-PCR and realtime PCR resulted in a high number of positive individuals of trout in both years, but higher in 2001 compared to 2002. However, the number of positive individuals dropped significantly in 2003 when only 1 individual fish was found positive in each of the 3 rivers that were screened. In 1998 a similar screening for ISAV was performed (RT-PCR using FA3/RA3) on sea trout (N = 45) collected in Nordfjord (the fjord where the Bortne River empties) and 3 individuals, 6.7%, were found to be positive. Salmonids in freshwater in the UK have also been found positive for ISAV, and it was suggested that they were infected by transmission of virus from ISAV-positive marine farming sites ). Hence, important questions are: What connections exist between wild and farmed salmonids? Can changes in infection pressure from ISAV-positive salmon farms explain the large drop in number of ISAV-positive wild fish from 2001 to 2003? Does the pattern of ISAV prevalence in wild fish reflect the infection pressure from marine salmon farms or vice versa, or is the observed pattern just reflecting natural variation within these populations?
Most marine salmon farms close to these rivers were empty in the period summer 2002 to summer 2003 due to earlier problems with ISA. They have now been restocked. On the other hand, it is also known that the prevalence of virus in natural populations may vary from year to year depending on the status of acquired immunity within the respective populations (Knipe & Howley 2001) . Testing of the ISAV from the wild fish showed that none of these gave any pathology or mortality when injected into disease-free salmon, but they did replicate, i.e. the ISAV were still detected 4 wk after the challenge. Avirulent ISAV have also been detected in farmed salmon in western Norway (A. Nylund unpubl. data), and, hence, farmed salmon could have been responsible for the high prevalence of ISAV in the rivers in 2001 and 2002. However, this would not be the pathogenic ISAV isolates collected from farms in these 2 areas in the period from 2000 to 2003. To better understand the relationship between the prevalence of ISAV in wild salmonids and the occurrence of ISA in farmed salmon, it will be necessary to screen wild populations of salmonids over a longer period (maybe 10 yr). The results from such a study should be correlated with data on ISA from salmon farms in the same areas. In addition, if possible, a molecular typing system for geographical origin and virulence should be developed to aid the interpretation of the results from such a study.
It is obviously too early to have any firm opinions about what is happening in the western Norwegian river systems included in this study. However, the (Nylund et al. 2003) . In all these cases, the emergence of ISAV must have local natural reservoirs (nothing is known about the Irish ISAV). This assumption is further supported by the discovery of ISAV, in Scotland and Canada, with full-length HPRs in the HA gene (Segment 6), i.e. sequences not previously observed in any other countries (Cunningham et al. 2002 , CookVersloot et al. 2004 ). Full-length HPRs were later also found in ISAV from farmed salmonids in the USA and Norway (A. Nylund unpubl. data), and these viruses are different from each other and from those described in the UK and Canada. A study of ISAV isolates from Norway, based on sequences of the HA gene, shows that there are several distinct groups of ISAV in Norway (Devold et al. 2001 , Nylund et al. 2003 . These isolates reflect geographical origin and time of collection, and, based on this information, Nylund et al. (2003) suggest that at least 21 transmissions from wild to farmed salmonids are represented in the material presented. Still, it is a long way from the estimated number of transitions from wild to farmed fish that can be documented to the hundreds of outbreaks of ISA in salmon farming through the years. A number of these outbreaks can be explained as horizontal transmissions between salmon farms and spreading of ISAV via transportation of infected smolts, but the tools needed to quantify this type of transmission are not available. Hence, there are large numbers of ISA cases in salmon farming for which transmission from wild fish or between salmon farms cannot be determined. Future management of ISA does, however, require knowledge about the source of the ISAV responsible for new outbreaks. We, therefore, recommend that more resources should be put into the study of natural reservoirs, man-made reservoirs (farmed stocks of salmonids) and the development of better molecular tools for typing of ISAV isolates with respect to geographical origin and virulence. The work on tissue distribution, presented in this study, is limited to 3 individuals only (Salmo trutta). Two of these specimens were young fish (parr), and the gonads were not collected from these. The results from the tissues screened provides no clear pattern that can be used to support or reject any hypothesis about tissue/cell tropism in carriers, nor can the results be used to test any hypothesis about interspecies transmission of the ISAV. Cycle threshold (Ct) values from 38 and up are close to the detection limit for this real-time PCR and are not always reproducible. This explains why the second PCR on the kidney samples from Brekke and Nordgulen was negative. Further studies on tissue distribution of ISAV in carriers are needed.
The present study has shown that trout and salmon in Norwegian rivers are carrying ISAV and that these species could be the natural reservoirs for this virus. The importance of this natural reservoir, with respect to ISA in farmed salmon, has not been determined, nor can any conclusions be made about the influence of ISAV-infected farmed salmon on wild populations and their carrier status. These important questions for the management of ISA will require comparative studies of natural and man-made reservoirs over a longer timescale. Such studies will also rely upon the development of a typing system for the ISAV with respect to geographical origin and virulence. 
